ABSTRACT: Poly(2-dimethylamino)ethyl methacrylate) (PDMA) brushes are grown from planar substrates via surface atom transfer radical polymerization (ATRP). Quaternization of these brushes is conducted using 1-iodooctadecane in n-hexane, which is a non-solvent for PDMA. Ellipsometry, AFM, and water contact angle measurements show that surface-confined quaternization occurs under these conditions, producing pH-responsive brushes that have a hydrophobic upper surface. Systematic variation of the 1-iodooctadecane concentration and reaction time enables the mean degree of surface quaternization to be optimized. Relatively low degrees of surface quaternization (ca. 10 mol % as judged by XPS) produce brushes that enable the formation of supported lipid bilayers, with the hydrophobic pendent octadecyl groups promoting in situ rupture of lipid vesicles. Control experiments confirm that quaternized PDMA brushes prepared in a good brush solvent (THF) produce nonpH-responsive brushes, presumably because the pendent octadecyl groups form micelle-like physical cross-links throughout the brush layer. Supported lipid bilayers (SLBs) can also be formed on the non-quaternized PDMA precursor brushes, but such structures proved to be unstable to small changes in pH. Thus, surface quaternization of PDMA brushes using 1-iodooctadecane in n-hexane provides the best protocol for the formation of robust SLBs. Fluorescence recovery after photobleaching (FRAP) studies of such SLBs indicate diffusion coefficients (2.8 ± 0.3 μm s −1 ) and mobile fractions (98 ± 2%) that are comparable to the literature data reported for SLBs prepared directly on planar glass substrates.
■ INTRODUCTION
There has been substantial interest in stimulus-responsive polymers for at least the past two decades. 1−5 Typical stimuli include changes in pH, 6−9 temperature, 10−14 light, 15 and electrolyte concentration, 16−18 and such responsive polymers offer potential applications in many areas, including biomedical sensing, 3 ,19−21 lubrication, 22 and electronic devices. 23−25 One of the most studied examples is pH-responsive polymers. For example, weak polyacids and polybases generally exhibit pHresponsive behavior: ionization or protonation of the side chains of vinyl polymers can cause either chain extension or chain collapse in aqueous solution.
A polymer brush has at least one end tethered to a surface. 26 Brushes can be readily grown from either planar 27−31 or colloidal 32−35 surfaces using living radical polymerization techniques. 36−38 In particular, brushes based on weak polyelectrolytes such as poly(methacrylic acid) 39, 40 have been designed to act as pH-selective membranes, 41 pH-triggered actuators, 42 and pH-controlled chemical gates. 39,40,43−45 One of the most studied classes of pH-responsive brushes are aminefunctional polybases such as poly[2-(dimethylamino)ethyl methacrylate] (PDMA), 7, 46, 47 poly[2-(diethylamino)ethyl methacrylate] (PDEA), 48−50 poly[2-(diisopropylamino)ethyl methacrylate] (PDPA), 48 ,51,52 and 2-(tert-butylamino)ethyl methacrylate (PTBAEMA). 53, 54 In particular, Murata et al. 55 grew PDMA brushes from a planar surface via surface-initiated atom transfer radical polymerization (ATRP) and subsequently quaternized these chains with various alkyl bromides. The resulting cationic surfaces exhibited high antimicrobial activity, with a strong correlation being observed between efficacy and surface charge density. Similarly, Cheng et al. 56 reported that quaternized PDMA brushes exhibited useful bactericidal properties. In this case PDMA brushes were grown from cross-linked poly(4-vinylbenzyl chloride) microspheres and then quaternized using either 1-bromododecane or 1-bromohexane. The resulting cationic brushes proved effective against E. coli and S. aureus. Dong et al. 57 also prepared cationic brushes, but in this case 2-(methacryloyloxy)ethyl]-trimethylammonium chloride was polymerized directly in aqueous solution, so no post-polymerization quaternization step was required. Patterning such brushes using photolithography produced well-defined cationic surface patterns that allowed excellent spatial control to be achieved for the growth of rat hippocampal neurons.
We recently reported the synthesis of secondary aminefunctionalized PTBAEMA brushes from a planar surface via ATRP. 54 By reacting a commercially available polymeric diisocyanate with the brush chains immersed in a good solvent (THF) or a bad solvent (n-hexane), either uniform crosslinking or surface cross-linking could be achieved. Moreover, the behavior of the resulting brushes was strongly dependent on the spatial location of the cross-linking reaction: the surface cross-linked PTBAEMA brush exhibited a stronger pH response than the uniformly cross-linked PTBAEMA brush, as judged by ellipsometry and AFM studies.
There has been considerable recent interest in the design and synthesis of supported lipid bilayers (SLBs). 58−66 In principle, a high-quality SLB confers high lipid mobility and conformational flexibility. 67 Lipid bilayers have been deposited onto various neutral, zwitterionic, or polyelectrolytic brushes. For example, Wirth and co-workers 65 placed POPC lipid bilayers on polyacrylamide brushes of 10 nm thickness grown by surface ATRP in DMF at room temperature. Similarly, a 16 nm zwitterionic polysulfobetaine polymer was grown via surface ATRP by Vancso et al., 64 who found that bilayer deposition could be controlled by varying the brush graft density; lipid diffusion coefficients of approximately 1 μm 2 s −1 were reported using this approach. Renner and co-workers 63 grafted a pHresponsive maleic anhydride-based copolymer onto an aminefunctionalized planar surface to support bilayer formation, with electrostatic interactions being modulated by conducting lipid deposition at pH 4. However, such acidic conditions are likely to promote protein denaturation. Similarly, poly(diallyldimethylammonium chloride) has been grafted onto a planar substrate by Tang et al., who then deposited highly anionic lipid vesicles onto this cationic polyelectrolyte layer. 66 A weakly anionic statistical copolymer brush composed of N-isopropylacrylamide and acrylic acid has also been evaluated as a membrane support, with bilayer formation being achieved when using vesicles comprising a binary mixture of cationic and zwitterionic lipids. 61 Polyelectrolyte multilayers have also been utilized by various workers to produce suitable cushions that promote bilayer deposition. [58] [59] [60] 62 In some cases, pHresponsive cushions were reported. 59 Various non-ionic polymeric cushions based on poly-(ethylene glycol) (PEG), 68−71 cellulose, 72 or dextran 73 have been reported to be suitable for the formation of SLBs. In addition, El-Khouri et al. 74 demonstrated that an anionic poly(acrylic acid) (PAA) cushion could serve as a suitable substrate for the formation of supported membranes. In this case, the pH-responsive nature of the PAA chains enabled the measurement of proton transport across the membrane. Very recently, we have shown that a new zwitterionic poly(amino acid methacrylate) brush comprising cysteine side groups 75 can also be used for SLB applications. In the present study, we explore the post-synthesis modification of ATRP-synthesized PDMA brushes grown from a planar surface. 77−79 This is achieved via reaction with 1-iodooctadecane in n-hexane, which is a non-solvent for the brush chains. This unusual approach ensures that quaternization is surface-conf ined, which is essential for the design of a pHresponsive brush with sufficient near-surface hydrophobic character to enable the formation of an SLB (see Scheme 1a). In principle, simply varying the 1-iodooctadecane concentration should provide control over the mean degree of surface quaternization. Moreover, in situ ellipsometry and AFM studies are used to characterize the pH responsive behavior of these surface-quaternized brushes (denoted QPDMA), which is compared to that of the original PDMA brush and also a QPDMA brush in which quaternization is conducted in a good brush solvent (THF). Finally, FRAP measurements are used to assess the quality of the SLBs formed on surface-quaternized QPDMA brushes using the vesicle fusion method. 80 
■ EXPERIMENTAL SECTION
Materials. Silicon wafers ([100] orientation, boron-doped, 0−100 Ω cm) were purchased from Compart Technology (Peterborough, UK). Deionized water was obtained using an Elga Pure Nanopore 18.2 MΩ system. 3-Aminopropyltriethoxysilane (APTES) (>98%), 2-bromoisobutyryl bromide (BIBB) (98%), and triethylamine (99%) were purchased from Sigma-Aldrich (Gillingham, UK). Hydrogen peroxide (30%), sulfuric acid (95%), ethanol (99.8%, HPLC grade), ammonium hydroxide (Analar), dichloromethane (HPLC grade), nhexane (HPLC grade), DMF (HPLC grade), THF (HPLC grade), and basic alumina were obtained from Fisher Scientific (Loughborough, UK). Copper(I) bromide (>98%), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 97%), 1-iodooctadecane (95%), and 2-(dimethylamino)ethyl methacrylate (DMA, 98%) were obtained from Sigma-Aldrich (Gillingham, UK). α-Bromobutyrate-11-undecanethiol was purchased from Prochimia (Poland). 1-Palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC, 99%) and 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG, 99%) lipid were purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Texas Red-modified 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE, 99%) was purchased from Invitrogen Ltd. (Paisley, UK). All chemicals were analytical reagent grade and were used as received. Copper(I) bromide was stored under vacuum prior to use. DMA was treated with basic alumina to remove inhibitor and stored at 4°C before use.
Preparation of ATRP Initiator on Silicon Wafers. All glassware and substrates were immersed in piranha solution for 2 h. (Caution: piranha solution comprises three parts hydrogen peroxide to seven parts concentrated sulf uric acid; it is an extremely strong oxidizing agent that has been known to detonate spontaneously upon contact with organic material.) The piranha-treated glassware and the substrates were rinsed copiously with deionized water and then sonicated for 10 min, followed by oven-drying at 120°C for 1 h. These clean silicon/glass wafers were then immersed in a 1:1:5 solution of ammonium hydroxide, 30% hydrogen peroxide, and deionized water. This reaction solution was heated to 85°C for 30 min before being allowed to cool to 20°C. The treated wafers were rinsed with deionized water, sonicated, and then oven-dried prior to use. 81, 82 A 2.0% v/v ethanolic solution of 3-aminopropyltriethoxysilane (APTES) was aged for 5 min at 20°C. Silicon/glass wafers were immersed in this APTES solution for 30 min, then rinsed with ethanol, dried using a nitrogen gas stream, and annealed for 30 min at 120°C. 81−83 The resulting surface-initiated wafers were then immersed in a solution of 2-bromoisobutyryl bromide (BIBB) (0.37 mL, 3 mmol) and triethylamine (0.41 mL, 3 mmol) in dichloromethane (60 mL) for 30 min at 20°C. Subsequently, the initiator-functionalized wafers were rinsed with ethanol and dichloromethane, followed by drying using a nitrogen gas stream prior to use. The same protocol was used for the growth of PDMA brushes on gold, except that the surface polymerizations were conducted at 40°C.
Preparation of ATRP Initiator on Gold-Coated Wafers. Planar gold substrates were prepared on silicon wafers using an Auto 306 thermal evaporator (BOC Edwards). First, a 15 nm chromium layer was deposited onto a piranha solution-treated planar silicon wafer at a rate of 0.1 nm s −1 , followed by deposition of a 200 nm gold layer under the same conditions. Gold-coated wafers were rinsed with ethanol and dried under a N 2 stream. A SAM monolayer of α-bromobutyrate-11-undecanethiol was prepared by immersing the goldcoated wafer into a 5 mM ethanolic solution of this ATRP initiator overnight. The wafer was subsequently removed from the reaction solution and washed with ethanol to remove excess initiator prior to drying under N 2 .
Photopatterning of ATRP Initiator-Functionalized Surfaces. A Coherent Innova 300C FreD frequency-doubled argon ion laser (Coherent UK, Ely, UK) was used to irradiate samples at a UV wavelength of 244 nm. The laser power was adjusted over the 1−100 mW range. The area exposed to the laser beam was 0.06 cm 2 . Micropatterns were obtained by irradiation of the 3-(2-bromoisobutyramido)propyltriethoxysilane (BIBAPTES) monolayer on the silicon/glass wafer using a 2000 mesh electron microscope copper grid (Agar, Cambridge, UK) as a convenient mask. 81, 83 More specifically, micropatterning was achieved by exposing BIBBAPTESfunctionalized silicon wafers to 10 J cm −2 laser radiation at 244 nm for 2−10 min depending on the laser power. This protocol ensures complete removal of Br atoms in the irradiated areas. 81 Atomic force microscopy (AFM) was used to image the resulting surface patterns.
ATRP Synthesis of PDMA Brushes. DMA (47.1 g, 30 mmol) was dissolved in DMF (50 mL), deoxygenated for 20 min, and stored under N 2 prior to use. HMTETA (0.30 mL, 0.15 mmol) was added to the solution and deoxygenated for 10 min, after which Cu(I)Br (0.14 g, 0.10 mmol) was added and the monomer/catalyst mixture was deoxygenated for a further 10 min. Initiator-coated wafers were sealed in Schlenk tubes and deoxygenated via three vacuum/nitrogen cycles. The monomer/catalyst solution (5.0 mL) was syringed into each tube under a nitrogen atmosphere, and the surface polymerization of DMA was allowed to proceed at 90°C for the desired reaction time. Each polymerization was quenched by removing the wafer from its Schlenk tube, followed by washing with IPA and ethanol several times to remove excess monomer and catalyst. The same protocol was used for the synthesis of micropatterned PDMA brushes.
Quaternization of PDMA Brushes in n-Hexane. 1-Iodooctadecane solutions ranging in concentration from 0.1 to 200 μM were prepared freshly in 10 mL of n-hexane before use. PDMA brush-coated wafers prepared as described above were cut into small pieces (∼1 cm 2 ) and immersed in various 1-iodooctadecane solutions for approximately 18 h at 20°C. The resulting surface-quaternized PDMA brushes (denoted "QPDMA") were then rinsed using nhexane, ethanol, and acetone, with further sonication in n-hexane for 10 min followed by drying under a stream of N 2 gas. Contact angle measurements, ellipsometric studies, and XPS analyses were performed on each QPDMA brush-coated wafer.
Quaternization of PDMA Brushes in THF. A 100 μM solution of 1-iodooctadecane in 10 mL of THF was freshly prepared before use. PDMA brush-coated silicon wafers (prepared as described above) were cut into small pieces (∼1 cm 2 ) and immersed in this 1-iodooctadecane solution for approximately 18 h at 20°C. The resulting uniformly quaternized PDMA brushes were then rinsed using THF, ethanol, and acetone, followed by sonication in THF for 10 min and finally dried under a stream of N 2 gas.
Preparation of Lipid Vesicles. A 1.0 mg lipid mixture comprising 89.5 mol % POPC, 10 mol % DOPG, and 0.5 mol % TR-DHPE was codissolved in a 1:1 v/v chloroform/methanol mixture. This lipid solution was dried under nitrogen flow for 30 min and then in a desiccator under vacuum (0.1 mbar) for 12 h to remove all traces of solvent. The dried lipid mixture was subsequently resuspended in phosphate buffered saline (PBS) buffer (1.0 mL) to give a final lipid solution concentration of 1.0 g dm −3 . Small unilamellar vesicles (SUVs) were produced by the tip-sonication method (30 min at 4 Macromolecules Article °C), using a Branson sonifier (Branson Ultrasonics Corp., Danbury, CT). The resulting suspension was centrifuged for 1 min at 14 500 rpm in order to remove any residual particles deposited by the tip. The supernatant was diluted with PBS to give a final concentration of approximately 0.50 g dm −3 . This stock solution was then used immediately or stored in a refrigerator at 4°C for up to a few days prior to use.
Lipid Bilayer Formation on QPDMA Brushes. A QPDMA brush-coated 18 mm diameter round glass disk was incubated with the SUV suspension described above for 1 h at 50°C using a home-built flow cell. 84 After being rinsed with deionized water at a flow rate of 1.50 mL min −1 for 30 min, a supported lipid bilayer (SLB) was formed on the PQDMA brush surface. To enhance its stability and fluidity, this SLB structure was incubated in a pH 8.7 buffer solution (comprising 1 M KCl and 100 mM K 2 HPO 4 ) for 16 h at 50°C.
Surface Characterization. Ellipsometric studies were conducted using an Alpha-SE ellipsometer (J.A. Woollam Co., Lincoln, NE) equipped with a He−Ne laser (λ = 633 nm) at an incident angle (Φ) of 70°from the normal. Mean brush thicknesses were calculated from silicon substrate models. Measurements were conducted from 300 to 700 nm, and modeling was performed using WVASE software (J.A. Woollam Co., Lincoln, NE). The fit quality was assessed using the root-mean-square error (RMSE) between the measured and modeled ellipsometric constants Δ and Ψ over all measured wavelengths. The dry films were modeled as a single layer of variable thickness, with a refractive index given by the Cauchy parameters of A n = 1.5 μm 2 and B n = 0.005 μm 2 (determined by fitting these values to data obtained for a PDMA brush of 35 nm dry thickness). The ellipsometric brush thickness for each sample was determined in at least three different positions on each wafer and reported as the mean ± standard error.
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In situ measurements of brush thickness in aqueous solution were conducted using a homemade liquid cell. The sample cell was rinsed several times with deionized water between each measurement. Ellipsometric data were fitted using a single slab model with a refractive index given by a linear effective medium approximation (EMA) between the PDMA or QPDMA brush and water. 48, 85 Again, three measurements were recorded for each brush-coated wafer, and data are reported as the mean ± standard error.
AFM measurements were conducted using a Digital Instruments Nanoscope IV multimode atomic force microscope (Veeco, Santa Barbara, CA) equipped with a "J" scanner (0−125 μm). Silicon nitride nanoprobes (Digital Instruments, Cambridge, UK) with nominal spring constants ranging from 20 to 80 N m −1 were used for tapping mode imaging. All samples were allowed to stand in the liquid cell for at least 5 min prior to any measurements in order to attain equilibrium. Mean heights were determined both for dry micropatterned brushes in air and for swollen brushes immersed in aqueous solutions of various pH buffers ranging from pH 2 to pH 11.
X-ray photoelectron spectroscopy (XPS) studies were conducted using a Kratos Axis Ultra spectrometer (Kratos Analytical, Manchester, UK) equipped with a monochromatic Al Kα X-ray source operating at a power of 150 W with an emission current of 8 mA. The base pressure in the spectrometer was typically 10 −8 −10 −10 mbar. Electron energy analyzer pass energies of 20 and 160 eV were used to acquire core-line spectra and survey scans, respectively. The energy resolution for the wide scans was 1.0 eV. This was reduced to 0.1 eV for highresolution scans. Core-line spectra were peak-fitted using Casa XPS software, and all binding energies were referenced relative to the main hydrocarbon C 1s signal calibrated at 285 eV.
Fluorescence recovery after photobleaching (FRAP) data were recorded using an epifluorescence microscope (E300 Nikon, USA). The sample was illuminated and bleached using a high-pressure mercury arc lamp. The bleached spot had a diameter of 28 μm as viewed using a ×40 objective lens. After bleaching, a series of timelapse fluorescence images were collected using a Zyla sCMOS CCD camera (Andor Technology Ltd. Belfast, UK) with the aid of NIS elements software (Nikon, USA). The Axelrod method was employed to calculate the diffusion coefficient and the mobile fraction of the supported lipid bilayer.
■ RESULTS AND DISCUSSION
Selective quaternization has been previously reported by Buẗun et al., 86 who prepared a range of near-monodisperse tertiary amine methacrylate-based diblock copolymers via group transfer polymerization. In the case of PDMA−PDEA and PDMA−PDPA diblock copolymers, remarkably selective quaternization of the more reactive PDMA block was observed, provided that the quaternization reagent (e.g., methyl iodide or benzyl chloride) was not used in excess relative to the DMA residues. In the present work, selective surface quaternization of PDMA brushes is achieved by selecting a poor solvent for the PDMA chains. This means that quaternization is conducted on the collapsed brush rather than on the extended brush, which ensures that derivatization is confined to the brush extremities. This approach is essential to ensure that the brush retains its pH-responsive character (see later).
The brush synthesis protocol was based on several literature reports. 56, 79 The kinetics of PDMA brush growth at 90°C in DMF are shown in Figure 1 for monomer/catalyst molar ratios of either 300:1 or 150:1. These brush syntheses were conducted in the absence of any soluble initiator and in each case a monotonic increase in the dry brush thickness was observed, as judged by ellipsometry studies. Mean brush thicknesses of 20−40 nm were typically achieved within 10−30 min for a (preferred) monomer/catalyst molar ratio of 300.
Selective quaternization of these PDMA brushes using various n-alkyl iodides was achieved simply by conducting the Menschutkin reaction in n-hexane, which is a poor solvent for PDMA. This approach ensures that quaternization is confined to the near-surface of the brush, which allows maximum interaction with the supported lipid bilayer (see Scheme 1). Moreover, it also ensures that the pH-responsive character of the PDMA brush is not lost: control experiments in which quaternization was conducted in THF (a good solvent for the PDMA chains) confirmed that this approach leads to uniform quaternization throughout the brush layer, as expected based on results reported by Buẗun and co-workers. 86 However, this is not desirable, since it suppresses the pH-responsive behavior of the brush (see later). In preliminary studies, we examined quaternization of PDMA brushes using methyl iodide, n-hexyl iodide, n-dodecyl iodide, and n-stearyl iodide (a.k.a. 1-iodooctadecane). However, only the latter reagent proved to be suitable for the formation of SLBs. Presumably, this is because its C 18 alkyl chain is comparable to the hydrophobic tails that make up the lipids used in this work. Thus, all the data presented herein were obtained using 1-iodooctadecane. When reacting the PDMA brush with this reagent in n-hexane, the degree of surface quaternization can be assessed using XPS, which has a typical sampling depth of 2−5 nm. 87 This technique can readily distinguish between cationic (N + ) and neutral (N 0 ) nitrogen atoms in the brush layer, and peak-fitting enables these two species to be quantified. Figure 2 shows representative N 1s core-line spectra recorded for the pristine PDMA brush and a series of surface-quaternized brushes prepared in n-hexane using various concentrations of 1-iodooctadecane. At the highest concentration examined, up to 87% surface quaternization can be achieved within 18 h at 20°C
. Indeed, varying the 1-iodooctadecane concentration provides a convenient means of controlling the final degree of surface quaternization (see Figure 3 ). There is a monotonic relationship between the degree of surface quaternization and the 1-iodooctadecane concentration used to derivatize the PDMA brush. Moreover, as the degree of surface quaternization is systematically increased from 0 to 50%, the water contact angle (denoted by cos θ) gradually increases from around 54°to approximately 90°, before becoming constant. This is the result of introducing the relatively hydrophobic 1-octadecyl groups into the brush surface layer (see C 1s core-line spectra shown in Figure S2 ). Further quaternization experiments were performed to examine whether 100% quaternization could be achieved (see Figures S3 and S4 in the Supporting Information). However, extended reaction times (up to 9 days) and a higher reaction temperature (40°C) did not allow higher degrees of quaternization to be achieved. Fortunately, for the present work only relatively low degrees of surface quaternization were required to promote surface lipid bilayer formation (see later).
PDMA brushes were also obtained by growing brushes from micropatterned ATRP initiators fabricated by exposure to UV light using a 2000 mesh copper TEM grid as a convenient mask. Such patterned brushes enable the mean brush thickness to be determined via AFM. 54, 75 A representative topographical AFM image and associated height cross-section analysis of a typical micropatterned pH-responsive PDMA brush are shown in Figures 4a and 4b .
Acid titration studies indicate a pK a of around 7.5 for PDMA, which is a well-known weak polyelectrolyte, in dilute aqueous solution. 86 On addition of HCl, the pH-responsive PDMA brush chains become protonated; in this highly cationic form they stretch away from the surface, since this provides a mechanism to minimize the strong interchain electrostatic repulsive forces. In contrast, fully quaternized QPDMA is a strong polyelectrolyte that exhibits no pH-responsive character. In principle, partially quaternized QPDMA should exhibit intermediate behavior. However, if quaternization is conducted using a long chain n-alkyl halide such as 1-iodooctyldodecane (as opposed to iodomethane), then strong association between n-alkyl groups on adjacent brush chains can occur, leading to the formation of micelle-like structures within the brush layer. These micelles can act as physical cross-links and hence significantly reduce the pH-responsive character of a partially quaternized brush (see later). This problem is much more likely if quaternization occurs uniformly throughout the brush layer, as opposed to being surface-confined (see Scheme 1).
The pH-responsive behavior of a PDMA precursor brush, a surface-quaternized QPDMA brush (derivatized in n-hexane), and uniformly quaternized QPDMA brush (derivatized in THF) is compared in Figure 4c . In each case, the mean dry brush layer thickness was 30−40 nm and each brush was immersed in a series of aqueous buffers ranging from pH 2 to 11. 
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Article As expected, the PDMA precursor brush becomes fully protonated in acidic aqueous solution and attains its maximum swollen thickness of 75−80 nm (see black data set in Figure  4c ). In alkaline media, the deprotonated PDMA brush adopts a relatively collapsed conformation of approximately 55 nm thickness. In striking contrast, the uniformly quaternized QPDMA brush derivatized in THF exhibited little or no pHresponsive behavior (see red data set in Figure 4c ). At first sight, the surface-quaternized QPDMA brush derivatized in nhexane appears to exhibit intermediate behavior (see green data set in Figure 4c ). However, if the AFM brush height data are normalized to account for the differing dry brush thicknesses (see Figure 4d) , then it is clear that there is actually relatively little difference between the PDMA precursor brush and the surface-quaternized PDMA brush. Thus, surface-conf ined quaternization is an ef fective strategy for introducing long-chain n-alkyl groups while simultaneously preserving the desired pH-responsive character of the PDMA brush.
The pH-modulated AFM brush thickness data were corroborated by ellipsometric studies of non-patterned brushes (see Figure 5 ). When immersed in alkaline buffer (pH > 9), all three brushes exhibited comparable collapsed dimensions (about 1.8−2.0 times the dry brush thickness, see Figure 5b ). The mean thickness of a PDMA precursor brush increased up to around 2.55−2.65 times its dry thickness below pH 7. The QPDMA brush derivatized in n-hexane produced similar 
Article results, except that a somewhat lower pH (pH ∼ 5) was required to achieve the maximum normalized brush height of 2.50−2.60 times the dry brush thickness. This is because quaternization is confined to the (near) surface for this PDMA brush, which therefore minimizes the possibility of physical cross-links within the brush layer. In contrast, the ellipsometric thickness of a uniformly quaternized PDMA brush derivatized in THF was relatively insensitive to solution pH from pH 2 to pH 12, as expected. This is attributed to the pendent 1-octadecyl chains forming micelle-like physical cross-links within the brush layer, which hence restrict the chain mobility.
Mixed lipid bilayers (comprising 89.5 mol % POPC, 10 mol % DOPG and 0.5 mol % TR-DHPE fluorescent dye) were formed on non-quaternized PDMA precursor brushes with a mean dry brush thickness of 20 nm using the vesicle fusion method, as summarized in Scheme 1 and detailed in the Experimental Section. The diffusion coefficient, D, of the TR-DHPE fluorescent dye within the lipid bilayer was assessed using fluorescence recovery after photobleaching (FRAP) studies (see Figure S5 ). For a bleach spot size of 96 μm, the calculated diffusion coefficient and mobile fraction was 2.6 ± 0.3 μm 2 s −1 and 97 ± 3%, respectively. However, such SLBs proved to be unstable after 16 h incubation in buffer at 50°C, since partial delamination of the bilayer from the brush surface was observed (see Figure S6 ). In addition, adjusting the solution pH to pH 8.7 (or above) also led to SLB instability. This is not unexpected given that the weakly cationic PDMA chains (pK a ∼ 7.0 88 ) become almost neutral at pH 8.7. Thus, there is no longer any electrostatic attraction between the weakly anionic lipid bilayer and the brush chains in mildly alkaline media. In summary, robust SLBs cannot be formed on nonquaternized PDMA precursor brushes by the vesicle fusion method using weakly anionic lipid vesicles. Similarly, only immobilized (pinned) vesicles, rather than mobile SLBs, could be formed on uniformly-quaternized PDMA brushes (see Figure S7 ).
In principle, surface-quaternized PDMA brushes should produce inherently more stable SLBs, since such brushes retain their cationic character under mildly alkaline conditions. Thus, a PQDMA brush (10 mol % surface quaternization as judged by XPS; 20 nm dry brush thickness) was evaluated for SLB formation using the same POPC/DOPG/TR-DHPE formulation via the vesicle fusion protocol. In this case, robust SLBs were obtained that showed no tendency to undergo delamination in mildly alkaline solution or during incubation at elevated temperature. The diffusion coefficient of the Texas Red fluorescent dye within the lipid bilayer was assessed via FRAP studies (see Figure 6 ). The two fluorescence microscopy images shown in the inset were recorded immediately following and 6 min after photobleaching using a bleach spot of ∼63 μm diameter. The experimental data (open circles) and the curve fit (red line) yield a diffusion coefficient and mobile fraction of 2.80 ± 0.3 μm 2 s −1 and 98 ± 2%, respectively. 89 This D value is comparable to those reported by other workers for supported lipid bilayers formed on alternative polymer brushes. 58−66 It is also similar to that obtained for the SLB formed on the nonquaternized PDMA precursor brush at neutral pH (see Figure  S5 ), which suggests that 10 mol % quaternization has little or no deleterious effect on the fluidity of the lipid bilayer. 71, 90 Moreover, the surface-confined quaternization strategy described herein preserves the pH-responsive character of the brush, which may be useful for potential applications that require systematic variation of the brush thickness.
■ CONCLUSIONS
Surface-confined quaternization of poly(2-dimethylamino)ethyl methacrylate) brushes grown from planar substrates is readily achieved using 1-iodooctadecane by conducting this derivatization in n-hexane, which is a bad solvent for the brush chains. This protocol enables the production of robust supported lipid bilayers on the resulting cationic brushes, which retain their pH-responsive character. Moreover, FRAP studies confirm high diffusion coefficients and mobilities, which indicate the formation of high-quality lipid bilayers. A control experiment in which quaternization is conducted using a good solvent for the brush chains (THF) indicate that the pH-responsive character of the original brush layer is not retained under these conditions. Supported lipid bilayers can also be formed on nonquaternized precursor brushes, but such constructs are prone to delamination when immersed in mildly alkaline media, since there is no longer any electrostatic attraction between the brush chains and the lipid bilayer under these conditions. Thus surface-confined quaternization offers important advantages for the design of supported lipid bilayers on polymer brushes.
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Surface zeta-potential vs pH curve for a 35 nm PDMA brush; at 40°C, variation of degree of surface quaternization of PDMA brushes with reaction time as judged by XPS, C 1s XPS spectra for QPDMA brushes and PDMA precursor brush obtained using various 1-iodooctadecane concentrations, FRAP data obtained for a lipid bilayer formed on a non-quaternized PDMA brush, and fluorescence images recorded for both this system and a uniformly-quaternized PDMA brush. This material is available free of charge via the Internet at http:// pubs.acs.org.
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